[1] The 1999 Chi-Chi earthquake significantly altered the landscape of central Taiwan. The most remarkable and intriguing feature is believed to be the huge rock eruption at Chiu-Fen-Erh-Shan during the earthquake, which consisted of four separate eruptions accompanied by flashes of light as seen by the residents. Here we present our analysis of the rock eruption process. We propose that a little water trapped in the interconnected fractures, which were located in the base of the rock, caused a very large amount of pressure when the water was vaporized due to frictional heat. The high vapor pressure thus generated, either triggered rock failure or enlarged cracks in the rock, which erupted simultaneously during the 1999 Chi-Chi earthquake. The four different instances of rock eruptions occurred only at Chiu-Fen-Erh-Shan. We suggest that the eruptions resulted not only from the high vapor pressure, but also from the geologic focusing of seismic waves and tectonic thrust forces together, which concentrated the energy in the region to cause the explosions during the 1999 Chi-Chi earthquake.
Introduction
[2] The Chi-Chi earthquake (M L = 7.3), which occurred in the early morning of September 21, 1999, generated a surface rupture of 100 km in length mostly along the Chelungpu Thrust Fault (Figure 1 ) in central Taiwan. The rupture initiation in the western Taiwan fold-and-thrust belt took place at the base of a major thrust ramp, i.e., at a depth of 7 -10 km on the thrust system [Suppe and Wittke, 1977; Suppe, 2000] . We describe an incident involving a rock eruption and slope-slip failure in the area located at Chiu-Fen-Erh-Shan, 13 km northeast from the epicenter at Chi-Chi.
[3] In the Chiu-Fen-Erh-Shan area the energy released from the Chi Chi earthquake seemed to be much larger than that in other areas. Along the east side of the Chelungpu Thrust, the horizontal displacement trends northwestward and has values of 3 to 4 m. The vertical displacement (maximum 9.8 m) increases from south to north. However, along the west side of the Chelungpu Thrust, the horizontal displacement trends southeastward and the vertical displacement is smaller than on the east side [Suppe, 2000] . Further to the east of the eastern side of the Chelungpu Thrust, such as at Puli and Kouhsing (Figure 1 ), vertical displacement also decreases.
Description of the Study Area
[4] Chiu-Fen-Erh-Shan lies on the boundary of the Western Foothills Quaternary-Miocene sedimentary sequence and the Hsuehshan Range Paleogene slate east of the Chelungpu Thrust. The geologic formations beneath ChiuFen-Erh-Shan include the Pliocene Kueichulin Formation (Kc), the upper Miocene Shenkeng sandstone (Sk), the middle Miocene Changhukeng shale (Ch) and Shihmen Formation (Sm), the lower Miocene Tanliaoti shale (Tl) and Shihszeku Formation (Ss), and the Eocene-Oligocene Figure 1 . Fault identified as active in the Taiwan thrust belt: Chelungpu and Shuangtung Thrusts. Huge rock eruption occurred at Chiu-Fen-Erh-Shan. GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 16, 1858 , doi:10.1029 /2003GL017234, 2003 Tsukeng Formation (Ts) [CGS, 2000] (Figure 2 ). The lithology of Kc consists of muddy sandstone, calcareous sandstone and shale; that of Sk is thickly bedded sandstone and shale, intercalated with fossil-rich layers; that of Ch is thickly bedded shale, with thin sandstones; that of Sm is thickly bedded sandstone, shale and/or with thin alternations, intercalated with fossil-rich layers; that of Tl is thickly bedded shale, occasionally with thin sandstone; that of Ss is thin alternations of sandstone and shale, and/or with thickbedded sandstone; that of Ts consists of shale, sandstone and tuffaceous lenses, with glauconitic layers. Figure 3 shows a gross outline of the underground structure of the area [Wang et al., 2000] based on oil-exploration type of seismic reflection studies and the concept of thin-skinned thrust model of Suppe [1980] .
[5] The four different rock eruptions, located within an area of $2 km Â 2 km, happened only at Chiu-Fen-ErhShan. In addition, a large-scale landslide ( Figure 2 ) also occurred at the time of the earthquake. The landslide area, 2 km east to Shuilikeng Fault and 6 km west to Shuantung Fault, is located in the west limb of Taanshan Syncline.
Analysis
[6] During the earthquake, the temperature increase (ÁT) is expressed as [Lee and Delaney, 1987] :
where u is the displacement (m), s f is the dynamic resistive stress (MPa), r is the density (kg m
À3
), c is the specific heat
), and t is the duration of slip (s). The data used in their study were u = 0.5 m, s f = 0.95 MPa, rc = 2.3 Â 10 6 J m À3 K
À1
, and k = 1.0 Â 10 À6 m 2 s
. In this case, the temperature rise can be rewritten as:
If the duration of slip (t) is less than 0.14 s, the temperature increase may exceed 500 K [Lee and Delaney, 1987] . Water will fully vaporize in this situation. For the rock eruption we examine whether shear failure of cracks in the aquifer could also generate such high temperatures. We suggest when a secondary faulting, generated from stress of waves in the aquifer at the time of the earthquake, is imposed on small cracks (e.g., 10 meters long), a slip of 0.1 meters for a stress drop of 30 MPa and a temperature rise about 924 K are estimated based on the following data:
, and t = 3.33 Â 10 À3 s (length/rupture velocity = 10/3000) in equation (1). Under this condition water will be fully vaporized. The rock eruption process at the shallow depth during the earthquake is shown in Figure 4 .
Discussion
[7] The Pliocene Kueichulin Formation (Kc) and the Miocene Changhukeng Shale (Ch) at Chiu-Fen-Erh-Shan from the surface down to about $150 m (Figure 2 ) appeared to have had a pressure cooker effect when the fractured water was vaporized due to frictional heat. The fractured sandstone, which contains sufficient groundwater capped by a thin overburden layer in the upper surface, could offer enough vaporized fluid pressure to exceed the lithostatic pressure or strength of rock to cause a rock eruption.
[8] From the field observation of the rock eruption ( Figure 5 ), we believe that there existed over-pressurized fluid and high-angle fractures in the rock block (Figure 5a ) at Chiu-Fen-Erh-Shan. The numerical analysis of [Wang, 2000] points out that the ÁCFS (Coulomb failure stress changes) greatly increased from the thrust area to the east of the Chelungpu Thrust where Chiu-Fen-Erh-Shan is also included. It is confirmed that the belt areas (i.e., Hsuehshan Range Paleogene slate and Backbone Range MiocenePaleogene slate) between the Chelungpu Thrust and the Western Central Range (i.e., Hsuehshan Range and Backbone Range) (Figure 1 ) released more energy than other areas during the earthquake and aftershocks. However it is very interesting to note that the geologic conditions at ChiuFen-Erh-Shan are almost the same as in the belt areas, yet the rock eruption and large-scale landslide (Figure 5b ) associated with a gravitational rock collapse (Figure 5c ) happened only in a 2 km Â 2 km area. Such focusing of seismic energy is similar to the 1994 Northridge earthquake [Davis et al., 2000] which caused anomalously concentrated damage in Santa Monica city, USA. We analyzed the recorded data of the nearest seismometers TCU071 and TCU072 (Figure 2) , the vertical surface, N -S and W -E accelerations are about 274 $ 415, 370 $ 639 and 465 $ Figure 4 . The rock eruption process at a shallow depth during the 1999 Chi-Chi earthquake. (a) The initial rock block contained cracks and groundwater before the earthquake; the ground water at the bottom of the rock block was not vaporized. (b) and (c) During the earthquake, the fractures or microcracks were enlarged to the formation of macrocracks. Then the geologic focusing of seismic waves and two plates' thrust force caused deformation of the rock block, and frictional heating induced water vapor. (d) When the accumulated vapor pressure exceeded the strength and unit weight of rock, they were high enough to erupt or even uplift the rock block. 517 gals, respectively. These are larger than other areas. We suggest that Chiu-Fen-Erh-Shan lies above the slip plane of the Chelungpu Thrust Fault block in a tectonically stressfocused area owing to the geologic focusing of seismic waves by the convex basin formed by the Shuangtung Fault (Figures 2 and 3) , Taanshan Syncline and Tsukeng Anticline (Figure 2) . Such a convex basin appeared to act as the underground acoustic-like lens which could generate the refraction effect to impose the compressive pressure on the rock block, as shown in Figure 4c .
[9] Steep escarpments ( Figure 5a ) and a hole that remained after the rock eruption ( Figure 5d ) were observed at Chiu-Fen-Erh-Shan. The mechanism by which the hole was formed is illustrated in Figure 6 . Before the rock erupted, fractures were filled in the rock sequence (Figure 6a ). During the earthquake, high vapor pressure was generated because the water was vaporized by frictional heat. Such a pressure either triggered rock failure or enlarged cracks in the rock, which erupted simultaneously during the earthquake (Figure 6b ). The evidence reveals that (1) the eruption left an approximately 40 m deep hole (Figure 5d ), (2) the near-vertical fractured rock sequence (Figure 5a ) may have resulted from the enlargement of fractures or microcracks in the rock by the vaporized water during the eruption.
[10] It should be noted that the rocks could possibly shoot up in the air by stresses from the dynamic waves from the earthquake when the ground surface accelerations exceed 1g. Nearby measurements showed that accelerations were about 0.6 g and with geologic focusing greater than 1 g accelerations are possible. It is not necessary to have a steam explosion cause the eruptions. However a steam explosion appears more likely to localize the eruption to form the hole that was observed.
Conclusions
[11] We suggest the huge rock eruption at Chiu-Fen-ErhShan resulted not only from high vapor pressure, but also from the geologic focusing of seismic waves and tectonic thrust forces acting together in a region where the greatest energy was released during the 1999 Chi-Chi earthquake. Such high pressures were generated in fractured sandstone which contains sufficient groundwater capped by a thin impermeable overburden layer in the upper surface. Even though the trapped water in the interconnected fractures was small once vaporized by frictional heat during the earthquake it could cause a very large amount of pressure. When the pressure exceeded the lithostatic pressure or strength of rock, the huge rock eruption occurred. 
